The interaction of the local anesthetic dibucaine with the isolated toad skin and membrane models is described. The latter consisted of human erythrocytes, isolated unsealed human erythrocyte membranes (IUM ), large unilamellar vesicles (LUV ) of dimyristoylphosphatidylcholine (DMPC) and phospholipid multilayers built-up of DMPC and dimyristoylphosphatidylethanolamine (D M PE), representative of phospholipid classes located in the outer and inner monolayers of the human erythrocyte membrane, respectively. Results indicate a significant decrease in the potential difference (PD) and in the short-circuit current (Isc) after the application of dibucaine in toad skin, which may be interpreted as reflecting inhibition of the active transport of ions. This finding might be explained on the basis of the results ob tained from fluorescence spectroscopy and X-ray diffraction studies on membrane models. In fact, dibucaine induced structural perturbations in IUM, DMPC LUV and phospholipid multilayers. Scanning electron microscopy revealed that dibucaine induced erythrocyte stomatocytosis. According to the bilayer couple hypothesis an echinocytic type of shape change would have been expected given the preferential interaction of dibucaine with DMPC. Al though it is still premature to define the molecular mechanism of action of dibucaine, the experimental results confirm the important role played by the phospholipid bilayers in the association of the anesthetic with cell membranes.
Introduction
Local anesthetics (L A ) prevent the generation and the conduction of the nerve impulse, their pri mary site of action being the cell membrane. These compounds block conduction by decreasing or preventing the large transient increase in the per meability of excitable membranes to N a+ that is normally produced by threshold depolarization of the membrane (Catterall et al., 1996) . The main hypotheses that attempt to explain their molecular mechanisms of action are: a) direct interaction with proteins, particularly N a+ voltage-gated chanAbbreviations: PD, potential difference; Isc, short-circuit current; DMPC, dimyristoylphosphatidylcholine; DMPE, dimyristoylphosphatidylethanolamine; SEM, scanning electron microscopy; LUV, large unilamellar vesicles; IUM, isolated unsealed human erythrocyte membrane; r, anisotropy; GP, general polarization; DPH, l,6-diphenyl-l,3,5-hexatriene: laurdan, 6 -dodecanoyl-2-dimethylaminonaphthalene; LA, local anesthetic. . These effects indicate that dibu caine induces a variety of alterations in membrane transport systems. Like most LA , dibucaine is a tertiary amine, which at neutral pH exists in equi librium between a neutral and a charged form. During the search for an in vitro system to exam ine the interaction of biologically relevant com pounds with cell membranes, different cellular models have been applied. In our case we have been using the isolated toad skin, human erythro cytes and membrane molecular models. Research in amphibian skin (Rytved et al., 1995; Ussing et al., 1996) has shown that the electrical properties of the toad skin are due principally to active N a+ transport from the outer (mucosal) to the inner (serosal) surface; this ion is exchanged for K + by means of N a+ (K +)-ATPase. The short-circuit cur rent (Isc), which is the amount of current neces sary to bring the potential difference (PD ) across the skin down to zero, measures the net transepi thelial Na+ transport across the epithelium (Niel sen, 1997). The interaction of dibucaine with hu man erythrocytes was examined by phase contrast and scanning electron microscopy (SE M ). These systems have been extensively used to determine the membrane-perturbing effects of numerous agents ( 
Materials and Methods

Electrophysiological measurements on the isolated toad skin
The experiments were performed on samples of the abdominal skin dissected from anesthetized and pithed Pleurodema thaul toads of either sex ( 1 0 -2 2 g). The amphibians were collected in fresh water ponds, fed on sow bugs ( Oniscus asellus) and kept in tap water 24 h prior to use. Skins were mounted between two halves of a Ussing perspex chamber (Ussing, 1994) ; a circular area of 1.0 cm2 was exposed to 3.0 ml Ringer's solution on each side. The composition of the solution was (m M ) 
Scanning electron microscopy (SE M ) studies on human erythrocytes
In vitro interaction of dibucaine with erythro cytes was achieved by incubating human blood samples taken from healthy male adult donors not currently receiving treatm ent with any pharmaco logical agent. Blood samples were obtained after puncture of the ear lobule disinfected with 70% ethanol by aspiration into plastic tuberculin syrin ges without needles, containing 50 U/ml heparin in saline solution (0.9% NaCl). Red blood cells were then centrifuged, washed twice in saline, re suspended in buffer (7.5 m M phosphate, 145 m M NaCl, 5 m M glucose, 1 m M M g S 04, pH 7.4) con taining dibucaine at a final 1.5 mM concentration and incubated for 1 h at 37 °C. Controls were erythrocytes resuspended in incubation buffer without dibucaine. Red blood cells were then fixed overnight at 5 °C by adding one drop of each sam ple to plastic tubes containing 1 ml of 2.5% glutaraldehyde in saline, washed twice with saline, placed on siliconized Al stubs, air-dried at 37 °C for 30 min and gold coated for 3 min at 10 " 1 Torr in a S 150 sputter device (Edwards S150, Sussex, England). Resulting specimens were examined in an E tec Autoscan SEM (E tec, Corp, Hayward, C A , U S A ).
Fluorescence measurements o f isolated unsealed human erythrocyte m em branes (I UM) and D M PC large unilamellar vesicles (L U V )
The influence of dibucaine on the physical prop erties of IUM and DM PC L U V was examined by fluorescence spectroscopy using DPH and laurdan (Molecular Probe, Eugene, O R, U SA ) fluorescent probes. DPH is widely used as a probe for the hy drophobic regions of the phospholipid bilayers be cause of its favorable spectral properties. Its fluo rescence steady-state anisotropy measurements were used to investigate the structural properties of IUM and D M PC L U V as it provides a measure of the rotational diffusion of the fluorophor, re stricted within a certain region such as a cone, due to the lipid acyl chain packing order. Laurdan, an amphiphilic probe, has a high sensitivity of excita tion and emission spectra to the physical state of membranes. With the fluorescent moiety within a shallow position in the bilayer, laurdan provides information of the dynamic properties at the level of the phospholipid glycerol backbone. The quan tification of laurdan fluorescence shift was ef fected using the general polarization (G P) concept (Parasassi and Gratton, 1995) Measurements of L U V suspensions were made at 18 °C and 37 °C and measurements of IUM were made at 37 °C using 10 mm path-length square quartz cuvettes. Sample temperature was monitored by an external bath circulator (ColeParmer, Chicago, IL, U SA ) and controlled before and after each measurement using an Omega digi tal therm om eter (Omega Engineering Inc., Stan ford, CT, U S A ). Anisotropy measurements were made in the l configuration using Gian Thompson prism polarizers (I. S. S.) in both exciting and emit ting beams. The emission was measured using a W G -420 Schott high-pass filter (Schott W G -420, Mainz, Germany) with negligible fluorescence. Laurdan fluorescence spectral shifts were quanti tatively evaluated using the GP concept (see above) which is defined by the expression GP = (7b -7r) / ( /b + 7r), where / b and 7r are the emission intensities at the blue and red edges of the emis sion spectrum, respectively. These intensities have been measured at the emission wavelengths of 440 and 490 nm, which correspond to the emission maxima of laurdan in the gel and liquid crystalline phases, respectively (Parasassi et al., 1990) . Dibu caine was incorporated in IUM and L U V suspen sions by addition of small aliquots of a concen trated solution and incubated at 18 °C or 37 °C, depending on the work temperature, for ca. 15 min. Blank subtraction was performed in all measurements using labeled samples without probes. Data given in Tables I and II 
Results
Electrophysiological measurements on the isolated toad skin
The electrical response of the toad skin to dibu caine applied in either the outer or the inner bath ing solutions consisted of a concentration-depen dent decrease in PD and Isc. Figure 1A shows that a 0.72 m M concentration was followed by a rapid decline of the electric parameters which reached a through in 59.5 ± 3.4 min (n -22) and was only partially reversible after washout of the skin (Fig. IB ) . For both surfaces of the skin, a 0.48 mM concentration of the anesthetic reduced the electric parameters by over 35% (Figs 2A and B) . The maximal concentration (0.72 m M ) applied to the outer surface elicited a 42% decrease in Isc, and when applied to the inner surface was fol lowed by a 74% decrease in Isc. In both cases, a moderate (17.0 ± 3.4% ) although not significant (P >0.05, n = 19) increase in resistance was ob served.
Scanning electron microscope (SE M ) studies o f human erythrocytes
Human red blood cells were incubated with 1.5 m M dibucaine. The phase contrast and SEM observations indicated that dibucaine induced a significant change in the shape of the erythrocytes. Apparently, the erythrocytes underwent a m or phological alteration as they changed their discoid shape to spherostomatocytes. This result agreed with that published elsewhere (Malheiros et al.,  2000) . Some spherocytic forms and cell membrane disruption were also observed. According to the bilayer couple hypothesis (Sheetz and Singer, 1974), the shape changes induced in erythrocytes by foreign molecules are due to differential expan sion of their two monolayers. Thus, spiculated shapes (echinocytes) are induced when the added compound is inserted in the outer monolayer, whereas cup shapes (stomatocytes) arise when the compound accumulates in the inner monolayer. The fact that dibucaine produced stomatocytes would indicate that the anesthetic was located in the inner moiety of the red cell membrane. Significance by Student's paired t test: *P < 0.05: **P < 0.01; ***P < 0.03; * * * * P < 0.001; NS = not significant.
Fluorescence measurements o f isolated unsealed human erythrocyte m em branes (IU M ) and D M P C large unilamellar vesicles (L U V )
The structural effects of dibucaine on DM PC L U V were determined at the acyl chain hydropho bic core and at the hydrophilic/hydrophobic inter face regions of the phospholipid bilayer by evalua tion of DPH steady state fluorescence anisotropy (r) and laurdan general polarization (G P ), respec tively. Table I shows that increasing concentrations of dibucaine (0 m M to 0.141 m M ) decreased r val ues of DMPC L U V by an order of 16% at 18 °C, whereas there were no significant changes at 37 °C. Table II shows that the incorporation of di bucaine into the erythrocyte membrane (IU M ) at 37 °C produced a 22% decrease in r values. The decrease of this parameter, which was more signif icant for the erythrocyte membrane, can be ex plained as a disordering effect of the anesthetic on the acyl chain packing. On the other hand, the increase of laurdan G P indicated a decrease of the molecular dynamics or water penetration at the phospholipid polar group level. Results were more Table I . Effect of dibucaine on the anisotropy (r) of DPH and the general polarization (GP) of laurdan em bedded in large unilamellar DMPC vesicles at 18 °C and 37 °C. (Table I ) and 22% in IUM (Table II) , whereas there was no significant increase of the GP values in L U V at 18 °C (Ta ble I). These results suggest that dibucaine pro duced disordering effects at the phospholipid acyl chain level and reduced the hydration surrounding the head groups of membrane phospholipids. The w ater molecules participate in a hydrogen bond network between the phospholipid polar head groups and play an important role in bilayer sta bility. Studies provide evidence that acyl chains and head groups are structurally uncoupled; con sequently, there is no correlation between head group hydration and lipid packing order (H o et al., 1995).
X-ray diffraction studies o f phospholipid bilayers
The molecular interactions of dibucaine with multilayers of the phospholipids D M PC and D M PE in an aqueous medium were determined by X -ray diffraction. Fig. 3A shows a (Suwalsky et al., 1996) with the hydrocarbon chains mostly parallel and extended, and the polar groups lying perpen dicularly to them. However, the gradual hydration of D M PC results in water filling the highly polar interbilayer spaces. Thus, its bilayer width in creases from 5.45 nm when dry up to about 6.3 nm when it is fully hydrated. This phenomenon allows the incorporation of dibucaine into DM PC bi layers producing its structural perturbation and complete destruction at a 3 mM concentration. On the other hand, D M PE molecules pack tighter than those of DM PC due to their smaller polar group and higher effective charge, resulting in a very stable bilayer system that is not significantly affected by water (Suwalsky, 1996) nor by a number of compounds (Suwalsky et al., 1994) . However, this organization did not prevent 6 m M dibucaine from interacting with and perturbing its structure.
Discussion
Results of the present study indicate that the significant decrease in the PD and in the Isc after the application of dibucaine to the toad skin may be interpreted as reflecting inhibition of the active transport of ions, since it has been shown that the Isc across isolated toad skin is equal to the net transepithelial transport (Nielsen, 1997) . In accor dance with mechanism (a) set up in the Introduc tion, there is evidence that the essential site of ac tion of local anesthetics is the Na+ channel (Kuroda et al., 1996; Nau et al., 2000) . The observa tion that dibucaine was active at both surfaces of the skin suggests membrane permeation by the an esthetic, which shows a strong tendency to parti tion into lipid (de Paula and Schreier, 1996) chang ing the conformation of the lipid molecules and triggering structural changes in proteins (Seelig et al., 1988) . Mechanism (b) is important since X-ray diffraction and fluorescence studies in the current work showed marked structural perturbation and possible destabilization of the DM PC bilayer structure. Changes in the lipid matrix will deform the lipid-protein interface (mechanism c); there fore dibucaine-induced changes of the phospho lipid residing around the N a+ channel protein (W akita et al., 1992) make the anesthetic an effec tor of allosteric gating of the channel (Baiser et al., 1996) because it interacts with hydrophobic aminoacids such as phenylalanine present in the linker between two domains of the channel pro tein, leading to inactivation of the channel (Kuroda et al., 1996) . It was surprising to find that the maximal concentration of dibucaine (0.72 m M ) was more effective when applied to the inner surface of the skin, especially as in our experiments the D M PE bilayer was affected only at anesthetic con centrations far higher (6 mM) than those used on the skin. Three explanations might be suggested: 1) dibucaine inhibits dog kidney Na+,K+-ATPase activity (Hudgins and Bond, 1984) ; 2) as discussed later in this work, if the location of dibucaine in the inner moiety of the erythrocyte membrane ac tivates lipid scrambling, this could contribute to collapse lipid asymmetry required for normal membrane function; 3) the hydrophobic binding domain might be responsible for channel inactiva tion from the cytoplasmic mouth of the Na+ chan nel (Zam poni and French, 1994). The persistent decline of the electric properties of the skin in spite of washout could be due to anesthetic-induced changes of the characteristics of the lipid boundary domains of the integral proteins. The maximal concentration used on the skin did not cause disruption of membrane integrity, as this would involve decreased resistance across the bi layer, which was not the case.
Electron microscopy observations of human erythrocytes incubated with dibucaine indicated that the anesthetic was probably located in the in ner moiety of the red cell membrane. However, X -ray diffraction of phospholipid bilayers showed that dibucaine most likely interacted with the lip ids located in the outer monolayer of the erythro-M. Suwalsky et al. • Dibucaine cyte membrane. The explanation for this discrep ancy with the bilayer couple hypothesis could be based on the "lipid scrambling mechanism" pro posed by Schrier et al. (1992) . According to them, some cationic amphipaths produce a rapid scram bling of the erythrocyte bilayer with phosphati dylcholines (PC ) and sphingomyelins (SM ) mov ing inward while phosphatidylethanolamines (P E ) move outward along with phosphatidylserines (PS). Thus, the interaction of dibucaine with PC in the inner monolayer would lead to stomatocytosis, an effect that can be produced by as little as 0.6% enrichment of the cytoplasmic monolayer (Schrier et al., 1992) . It is noteworthy that the re sults obtained by fluorescence spectroscopy in D M PC L U V tend to agree with those revealed by X -ray diffraction in D M PC multilayers. In conclu sion, our results unambiguously showed that dibu caine interacted with phospholipid bilayers, partic ularly with PC. Therefore, cell membrane structure and physiological properties such as flu idity, permeability, receptor and channel functions may be affected.
